CONSPECTUS: Surface-enhanced Raman spectroscopy (SERS) fingerprinting is highly promising for identifying disease markers from complex mixtures of clinical sample, which has the capability to take medical diagnoses to the next level. Although vibrational frequency in Raman spectra is unique for each biomolecule, which can be used as fingerprint identification, it has not been considered to be used routinely for biosensing due to the fact that the Raman signal is very weak. Contemporary SERS has been demonstrated to be an excellent analytical tool for practical label-free sensing applications due its ability to enhance Raman signals by factors of up to 10 8
INTRODUCTION
Accurate diagnosis of superbug organisms and disease markers from clinical fluids is highly challenging task for clinical practitioner. 1−8 Since in the early stage of disease the amount of superbug or biomarkers for cancer and other diseases are too low in abundance, traditional diagnostic tools used in clinics are not capable of finding them. 1−8 As a result, there is a huge demand in clinics to find ultrasensitive probe for disease marker detection from clinical sample, which can be used to move forward the medical diagnoses to the next level. 1−8 Since past decade, scientists are trying to develop different nanophotonics based techniques which have the capability to identify different biomarkers for diagnosing dementia disease, superbug organisms for infectious disease, and disease markers for cancer. 6−20 Surface-enhanced Raman spectroscopy (SERS), 8−16 where a weak Raman scattering signal is enhanced by 6−11 orders of magnitude by adsorbing the bio-organisms onto a roughened plasmonic surface, became an ultrasensitive vibrational fingerprinting technique for identifying biological and chemical analytes. 17−27 Since the SERS based bio-organisms identification offers several distinct advantages such as Raman intensities ∼50− 100 times narrower than emission bandwidth and very stable against photodegradation or photobleaching due to the instantaneous nature of the process, it will be much superior compared to other biomedical sensing technique used in clinics. 28−40 SERS substrate which exhibits strong chemical enhancement and extremely high electromagnetic enhancement has the capability to achieve excellent sensitivity for real life applications. 40−50 Chemical enhancement occurs due to the charge-transfer interactions between the SERS substrate with bio-organisms. On the other hand, electromagnetic enhancement occurs due to the formation of plasmonic "hot spot". 15−30 In SERS, due to the squeezing of incident light into extremely small regions in the interface of two plasmon couple metallic nanoparticles, it generates thousands-to million-fold local electromagnetic field enhancements in the "hot spot", which allows SERS to be used as ultrasensitive technique with the detection of only a few molecules. 15−25 Although the first paper on SERS was published in 1974, 8 which is more than 40 years ago, its applications are still rare outside the spectroscopy community and it is mainly due to the fact that until now scientists are facing enormous challenges on how to design reproducible plasmonic SERS substrate with large number of "hot spots" and also how to manipulate light on the "hot spots".
20−30
The current Account highlights our recent progress in the development of one-dimensional (1D) to three-dimensional (3D) plasmonic SERS substrate, which can be used as highly powerful platform for biological diagnosis, 22,32−42 as shown in Figure 1 . We outline the major design criteria one needs use to develop robust SERS substrate to possess high density "hot spots" with very good reproducibility. We examine how the plasmonic coupling enhances SERS intensity via theoretical finite-difference time-domain (FDTD) stimulation modeling, as shown in Figure 1 . Then we highlight the exciting research findings by our group on the applications of SERS substrate for the capture and fingerprint identification of disease biomarkers, mosquito-borne flavi-viruses, and drug resistance superbugs. 32−42 At the end, we conclude with the promises and challenges for future evolution on nanoachitecture based SERS in biomedical diagnosis field.
ZERO DIMENSIONAL GOLD NANOPARTICLE BASED SERS FOR FINGERPRINTING INFECTIOUS DISEASE AGENTS
Unique fingerprint spectrum is essential for personal identification of any chemicals. 5−9 Recently we have reported the development of nanoparticle based SERS, which has the capability to be used as fingerprint spectra for viruses responsible for infectious disease.
32 Figure 2 shows the design criteria we have used for the development of antiflaviviral antibody conjugated plasmonic nanoplatform based SERS which has the capability for the fingerprint identification of viruses responsible for mosquito-borne diseases. For this purpose, initial plasmonic nanoparticles were coated with polyethylene glycol (PEG) thiol acid via Au−S linkage. 32 In the next step, antiflaviviral 4G2 antibodies were conjugated with PEG coated plasmonic nanoparticles via 1-ethyl-3-[3-(dimethylamino)-propyl] carbodiimide hydrochloride (EDC) coupling method, as shown Figure  2A . transmission electron microscopy (TEM) image data, as shown in Figure 2C and D, indicate that due to the antigen− antibody interaction, 4G2 antibody conjugated plasmonic nanoparticles form "hot-spot" on the surface of Dengue virus (DENV) and West Nile virus (WNV), and as a result, we are able to use antiflaviviral antibody conjugated plasmonic nanoplatform for specific identification of DENV and WNV.
32 Figure 2B shows the portable Raman design we have used for all SERS measurements, where the QE6500 portable spectrometer has been used for Raman data acquisition and a portable NIR laser has been used as excitation source. Figure 2E and F shows the Raman spectra from DENV and WNV attached plasmonic nanoparticle, where the amide I Raman band due to the protein backbone and the −CH 2 deformation Raman band due to the lipid are unique for WNV. 32 On the other hand, the skeleton mode Raman band and the CH 3 rocking Raman modes are unique for DENV-2.
Those unique Raman bands can be used for identification of DENV and WNV selectively.
32 Figure 2G and H shows that the SERS intensity stability is excellent and the fluctuation is less than 8% for nanoparticle based SERS substrate developed in different batches. The fluctuation is mainly due to the fact that the spatial distribution of "hot spots" can be different for different batches of experiments. 32 We have reported that the detection capability can be as low as 10 PFU/mL for Dengue virus (DENV) and West Nile virus (WNV) respectively. 32 Although we have shown SERS application for infection diseases viruses, until now there is a lack of good understanding on the molecular mechanism of interaction between antibody conjugated plasmonic platforms and viruses, which is very important for better performance of the proposed SERS sensor.
DEVELOPING HYBRID CNT BASED 1D SERS SUBSTRATE FOR FINGERPRINT SENSING OF EXPLOSIVES
To develop a 1D plasmonic SERS substrate with a large number of "hot spots", we have designed a hybrid carbon nanotube (CNT) based substrate, where one-dimensional CNTs are conjugated with zero-dimensional plasmonic gold nanoparticles in different size and shapes. 37, 39, 41, 42 In our design, plasmonic gold nanoparticle with different shapes have been used as reactive sites for the binding with chemicals in interest. 37, 39, 41, 42 Since high aspect ratio CNTs possess a huge surface area, we have used CNT templates to attach plasmonic nanoparticles of different shapes, 37, 39, 41, 42 as shown in Figure 3C −E. In our design, zero- dimensional plasmonic gold nanoparticles attached 1D CNTs were synthesized from carboxy functionalized SWCNT, as shown in Figure 3A . For this purpose, initially we have developed water-soluble carboxy functionalized single wall CNTs (SWCNTs) from solid SWCNT using strong oxidizing agent like nitric acid and sulfuric acid oxidizing agent. 37 ,39,41,42 After that, thiol poly(ethylene glycol) (PEG) functionalized SWCNTs were developed by treating HS-PEG-NH2 with carboxy functionalized SWCNTs in the presence of as a cross-linking agent, 37, 39, 41, 42 as shown in Figure 3A . Figure 3C −E shows that, in the SERS substrate, different shaped nanoparticles generate a huge number of "'hot spot'" sites which allow to enhance the confinement of local electromagnetic fields by several orders of magnitude. Finite difference time domain (FDTD) simulation calculation, as shown in Figure 3B , indicates that field enhancement for spherical nanoparticle based assembly containing five "'hot sites'" is around 2 orders of magnitude higher than that of the individual spherical nanoparticle. 37 It is now well documented that SERS enhancement is proportional to the square of the plasmon coupling confinement field. As a result, FDTD simulation data indicate that one can achieve about 4 orders of magnitude SERS enhancement by just forming several "'hot sites'" on SWCNT surfaces. 37 Figure 3F shows that when nanoparticles generate huge number of "'hot sites'" on SWCNT surface, the plamonic band becomes very strong and broad, which allows the incident NIR light to be resonance with the SERS substrate. 37 Due to the resonance phenomena between incident light and SERS substrate extinction, 2−3 orders of magnitude SERS enhancement are expected. 37, 39, 41, 42 As shown in Figure 3G , due to the simultaneous electric field and resonance enhancement, the different shape nanoparticle attached 1D SWCNT substrate can exhibit around 9 orders of magnitude higher Raman signal from Rhodamine 6G (Rh-6G). 41 The SERS enhancement factor is about 2 orders of magnitude higher than only nanoparticle. 41 Due to the huge SERS enhancement via high density "hot site" formation, we have used 1D hybrid CNT substrate based SERS for explosive detection.
41 Figure 3H shows the SERS spectra from explosive 2,4,6-trinitrotoluene on 1D hybrid CNT surface, which exhibits several strong Raman modes due to the NO 2 symmetric and asymmetric stretching vibrations, 41 as shown in Table 1 .
Similarly we have also observed strong Raman bands for C 6 H 2 −C vibration, C−H out-of-plane mode vibration and CH 3 deformation modes, which can be used as fingerprint Raman bands for TNT. 41 Figure 3I shows that due to the huge number of "'hot sites'" formation, 1D SERS substrate can be used for the fingerprint detection of TNT even at 100 fM concentration level. 41 Although we have demonstrated that 1D hybrid CNT based SERS substrate can be used for ultrasensitive detection of explosives, we need to have better understanding on how to control the distance between two particles on the CNT surface.
DEVELOPING HYBRID GRAPHENE OXIDE BASED 2D
SERS SUBSTRATE WITH EXCELLENT SERS ENHANCEMENT CAPABILITY VIA PLASMONIC AND CHEMICAL ENHANCEMENT To develop 2D SERS substrate which possesses strong chemical enhancement and extremely high electromagnetic enhancement, we have designed hybrid graphene oxide (GO) based substrate, where two-dimensional GOs are conjugated with zero-dimensional plasmonic gold nanoparticles in different sizes and shapes, 36, 38 as shown in Figure 4B and D. In our design, the two-dimensional chemically treated graphene based material has been used to enhance Raman signal via chemical enhancement mechanism, 36, 38 as shown in Figure 4B . Also, we have used 2D GO as strong fluorescence quencher and as a result, it suppressed the background emission signal from biological media. 36, 38 The above two factors allowed us to use 2D GO as excellent SERS substrate which has very good biocompatibility. 36, 38 To develop 2D substrate which exhibits strong plasmonic and chemical enhancement, in our design, different size and shaped plasmonic nanoparticles have been used for the best enhancement of SERS signal via the formation of large amount "'hot spot'" sites on 2D GO surface, 36, 38 as shown in Figure 4C and D. Zero-dimensional plasmonic gold nanoparticles attached 2D-GOs were synthesized from carboxy functionalized 2D GO, 36, 38 as shown in Figure 4A . For this purpose, initially strong oxidizing agents were used for graphite exfoliation to produce 2D graphene oxide using modified Hummers reported method. 36, 38 In the next step, acyl chloride functionalized 2D GO was developed from carboxy functionalized 2D GO by treating with thionyl chloride. 36, 38 After that, amine functionalized different shape plasmonic nanoparticles were attached on 2D GO surface via the acyl chloride group. 36, 38 Figure 4C and D shows that in the developed hybrid 2D GO based SERS substrate, different shape nanoparticles generates huge number of "'hot spot'" sites which enhance the Raman signal by several orders of magnitude. 36, 38 Figure 4E shows that we have observed strong Raman bands from few picomolar Rh6G adsorbed on hybrid 2D surface, whereas the Raman band from same Rh6G molecule at 100 mili molar concentration on graphene oxide are almost negligible. 38 Using 1511 cm −1 vibrational mode which is due to the skeleton stretching frequency, we found out that only GO can enhance the Raman signal by 2 orders of magnitude via chemical enhancement mechanism. On the other hand, the enhancement factor is around 10 11 in the case of gold nanopopcorn attached 2D GO based SERS substrate. 38 The SERS enhancement factor is about 4 orders of magnitude higher for hybrid 2D GO based SERS substrate than only nanoparticle. It is mainly due to the cooperative SERS enhancement mechanism like electromagnetic enhancement, chemical enhancement and lighting rod effect enhancement, works simultaneously in hybrid 2D GO based SERS substrate. 38 Since the SERS enhancement factor is in the order of 11 for hybrid GO based 2D SERS substrate, we have used these 2D substrates for fingerprint identification of DNA, drug resistance superbugs MRSA, and RDX explosives. 36, 38 Figure 4F shows the SERS spectra of a partial sequence of the HIV (human immunodeficiency virus) gag-gene with a sequence of 5′-AGAAGATATTTGGAATAACAT-3′, which was attached on 2D hybrid SERS substrate via Au−S bond. Observed Raman vibrational modes are the adenine ring stretching modes, the phosphate backbone vibration modes and the ring breathing modes for thymine and cytosine. 38 We have also noted that the SERS bands from gag-gene are combined with the D and G bands of 2D hybrid GO. Figure 4F shows that due to the huge number of "'hot sites'" formation on 2D SERS substrate and the availability of electromagnetic and chemical enhancement effects simultaneously, hybrid 2D substrate can be used for the fingerprint detection of DNA even at 500 fM concentration level. 38 Figure 4H shows the fingerprint SERS spectra from methicillin-resistant Staphylococcus aureus (MRSA), when MRSA was captured by aptamer APT SEB1 -modified hybrid graphene oxide based 2D SERS substrate. 38 SERS spectra from MRSA, as shown in Figure 4H and Table 1 , show several prominent Raman bands, and these are δ(CH 2 ) saturated lipids, ring breathing mode of protein, C−O−C glycosidic ring deformation, and skeletal modes. 38 Our result shows that the APT SEB1 -modified 2D hybrid SERS substrate can be used for the label-free detection of MRSA at the concentration of 10 CFU/mL. 38 Figure 4G shows the fingerprint SERS spectra of RDX, when RDX were adsorbed on 2D SERS substrate. 36 In SERS spectra, the main Raman bands are the symmetric ring-breathing mode, the N−O deformation band and CH 2 scissoring stretch vibration bands. 36 Our reported data show that the 2D hybrid SERS substrate can be used for the label-free detection of RDX at the concentration of 500 fM level, 36 as shown in Figure 4G . Although reported experimental data indicate that hybrid GO based 2D SERS substrate can have huge capability for chemical and biological sensing, until now there is a lack of good understanding on how to maximize the chemical and plasmonic enhancement simultaneously, where theoretical modeling will play an important role. Until now we are in infancy on the development of theoretical model which can predict how to enhance the chemical enhancement mechanism via charge transfer as well as the dipole and multipolar interaction, which can be an excellent future research direction for nanoscience researchers.
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DEVELOPING HYBRID 3D GRAPHENE OXIDE BASED SERS SUBSTRATE FOR "HOTSPOT" FORMATION IN THIRD DIMENSIONS
To enhance the "'hot spot'" formation in third dimension, in past few years we and others have been focusing to develop 3D SERS substrate, where "'hot spot'" formation occurs in all the three x, y and z-direction. 33,35,43−45 Since the analytes can be adsorbed in all the three dimensions for 3D SERS substrate, the overall surface area available for probe molecules adsorption is much higher for 3D substrate than that for 2D SERS substrate. 33,35,43−45 Due to the increase of number of analytes adsorption, as well as number of "hot sites" in 3D SERS substrate, it is a better choice for real life applications. Here we will discuss the design criteria we have used to develop 3D plasmonic "hot spots" SERS substrate in 3D space, which has the capability for capturing, separating and label-free ultrasensitive detection of pathogenic virus and brain disease markers. 33, 35 To develop SERS substrate with the extension of the "'hot spot'" formation in third dimension, we have designed hybrid 3D graphene oxide (GO) based substrate, where two-dimensional hybrid GOs are conjugated using a cross-linker. 33, 35 As shown in Figure 5A , at first, magnetic core-plasmonic gold shell nanoparticle decorated hybrid 2D GO was developed by mixing 2D GO with amine functionalized core−shell nanoparticle in the presence of thionyl chloride. 33, 35 After that, we have designed core−shell nanoparticle decorated 3D GO based SERS substrate from hybrid 2D GO using amine-functionalized PEG as a cross-linking agent. 33, 35 Figure 5B−D shows the SEM characterization of the 3D SERS substrate, which indicate "hot spot" formations are in 3D space. EDX mapping data, 33 as shown in Figure 5C and D, indicate the presence of Au and Fe in the 3D substrate. Figure 5E shows the Raman spectra from p-aminothiophenol on core−shell nano- particle and 3D SERS substrate, where p-aminothiophenol is attached with nanosurface via Au−S linkage. In the SERS spectra, the observed Raman bands are dominated by A 1 and B 2 vibrational mode peaks for p-aminothiophenol. Using 1590 cm −1 band due to the ν(CC+ NH 2 bend) mode, we have found the SERS enhancement factor is around 3.9 × 10 12 for 3D SERS substrate whereas the enhancement factor is 1.1 × 10 7 for paminothiophenol attached core−shell nanoparticle. Our finding of 5 orders of magnitude SERS enhancement for 3D SERS substrate with respect to the 0D plasmonic magnetic substrate is mainly due to the fact that in 3D SERS substrate, GO enhances the SERS intensity from p-aminothiophenol via charge transfer chemical enhancement mechanism. 33, 35 On the other hand, plasmonic-magnetic nanoparticle enhances SERS intensity by several orders of magnitude via the hotspot in first, second and third dimension of interior and exterior surfaces. 33, 35 Since the 3D substrate has porous structure, we have used the porous 3D SERS substrate for capturing, removal and identification of rotavirus from water. 35 For this purpose, we have designed antirotavirus antibody attached 3D SERS substrate. Figure 5H shows that the 3D SERS substrate is able to remove more than 99% of rotavirus from water. 35 TEM image shown in Figure 5F indicates that the viruses are attached on the surface of the 3D SRS substrate. Figure 5G shows the SERS spectra from rotavirus captured by 3D SERS substrate, where the Raman bands consist of amide I, −COH deformation and the skeletal vibrations bands. 35 We have also designed core−shell nanoparticle attached hybrid graphene oxide platform based SERS for capturing and fingerprint identification of trace levels of Alzheimer's disease (AD) biomarkers such as β-amyloid and tau protein selectively from whole blood sample. 33 For this purpose, we have developed anti-β amyloid and antitau antibody conjugated SERS substrate. Figure 5I and J shows that the capturing efficiency is more than 98% for β-amyloid and tau protein from whole blood sample. 35 Figure 5K shows the Raman bands from β-amyloid after separation from blood sample using anti-β amyloid antibody conjugated nanoarchitecture. In the reported SERS spectra the strongest Raman bands are mainly amide I, II and III bands due to the α-helical and β-sheet conformation of β-amyloid. Other bands are associated with histidine residue bands, phenylalanine, tyrosine bands and D, G bands for GO. 35 Figure 5L shows that the SERS detection limit is 500 fg/mL β amyloid. Similarly, we have also shown that the detection limit for tau protein is 0.15 ng/mL, using SERS substrate. 35 Since good uniformity is one of the main criteria for SERS signal reproducibility, we have also determined the uniformity of the SERS substrate by measuring the SERS intensity over several randomly chosen portions on the surface of SERS substrate. As shown in Figure 5M and N, the variation of SERS intensity from p-aminothiophenol and RDX is excellent and the fluctuation over five randomly chosen portions is less than 10% for 3D substrate. Although developing 3D SERS substrate is started very recently, we and other have shown that there are several advantages like sensitivity, uniformity, and stability for using 3D material as SERS substrate. 33,35,43−45 6. SUMMARY In this Account, we discussed our recent development on zero-to three-dimensional SERS substrates which have the capability of fingerprint identification and ultrasensitive detection of infectious disease organisms, disease biomarkers and explosives. We discussed the systematic design criteria we have used for the development of SERS substrates of different dimensions with high density "hot spots", to enhance the SERS sensitivity tremendously. We have shown that in case of 2D and 3D GO based SERS substrate, due to the presence of both chemical and plasmonic enhancement capability, the SERS enhancement factor can be 5 orders of magnitude higher than only zero dimensional plasmonic nanoparticle. Theoretical FDTD stimulation data on electric field enhancement |E| 2 agreed with experimental observation that high density "hot spots" in SERS substrate is the main key for achieving huge SERS enhancement. Although until SERS is infancy as routinely used analytical technique, we demenstrated the utilization of nanoachitecture based SERS substrate for fingerprint diagnosis of drug resistance bacteria at 10 CFU/mL level, mosquito-borne flavi-viruses at 10 PFU/mL level and explosive in femto-gram levels. We have also reported the applications of nanoachitecture based SERS substrate for the capture and fingerprint detection of Alzheimer's disease biomarkers at 500 fg/mL level which is much higher sensitivity than current technology used in clinics.
In the future, robust synthetic techniques needs to be improved to design handy SERS substrate, before it can be used in clinics. To develop cost-effective and high scientific merit SERS substrate, huge amount of challenges need to be addressed, where interdisciplinary collaboration is the key for the success. Substantial fundamental study using experimental and theoretical models are necessary to find how to achieve maximum chemical and electromagnetic enhancement simultaneously for fingerprint identification. Animal model study for finding the biocompatibility of SERS substrates, as well as possible cytoxicity studies need to be performed thoroughly before it can be used in medicine.
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